Several previous studies of exposure to chromium waste in New Jersey have shown that Cr levels tre elevated in household dust in homes adjacent to wase sites and that Cr levels in the urine of residenttnear sites are also elevated compared to control populations. It has not been possible until now, however, to ea=mine these exteral and intemal measures of exposure together in a large population to determine whether the external exposure is predictive of the intemal exposure. We investigated the relationship between various adjusted and unadjusted measures of spot urine Cr concentration and household dust Cr from residents and residences adjacent to known Cr waste sites. Statistically significant bivariate relationships were found between log-transformed urine Cr concentration and Cr dust concentration (micrograms of Cr per gram of dust) but not Cr dust loading (nanogram Cr per square centimeter). Log-transformed urie concentration was used as the dependent variable in multiple gresion analysis ofthe total population (n -329), the population <10 years old (n 67), and the population >10 years old (n = 262), with Cr dust concentrtion as a mandatory indedent variable. Other potential direct influences on urine Cr were investigated as potential confounders of this relationship. In the final modes for the entire population and those .10 years old, but not for those >10 years old, Cr dust concentration remained significant. Thi Chromium-processing waste in Hudson County, New Jersey, is the legacy of the disposal of spent ore and process waste from three major chromate production facilities that operated in the Jersey City area for much of the twentieth century. It has been estimated that 2 million tons of chromate production waste was generated, much ofwhich was deposited locally (1). Preremediation soil and slag levels of total chromium (Cr) were typically in the thousands of parts per million, and levels of toxic hexavalent chromium (Cr6+) were found as high as several hundred parts per million (1). Previous studies have investigated Cr levels in homes adjacent to known waste sites (2, 3 
Methods
The methodology for site and subject selection, dust and urine sampling and analysis, and questionnaire data collection has been described in detail elsewhere (3, 10 Urine sampling and analysis. Urine samples were collected as one-time (spot) samples in acid-washed containers. Samples were analyzed for specific gravity upon receipt in the laboratory and frozen prior to Cr and creatinine analysis. Chromium was analyzed by atomic absorption spectrophotometry using the method of standard additions with a limit of quantitation of 0.2 pg/I. Chromium concentrations reported as below the limit of quantitation were assigned the value of the limit of quantitation. Creatinine was analyzed by standard spectrophotometric method.
Dust sampling and analysis. Dust was collected from elevated surfaces in frequently occupied indoor areas as side-by-side samples onto preweighed filters using the LWW dust sampler (Environmental and Occupational Health Sciences Institute, Piscataway, NJ) with a 50 or 100 cm2 template. Samples were dried and weighed, and then analyzed using either a sulfuric/hydrofluoric/nitric acid digest followed by inductively coupled plasma-atomic emission spectroscopy (ICP-AES; detection limit = 10 ng Cr/g dust), or a nitric/acid microwave digest, followed by inductively coupled plasma-mass spectroscopy (ICP-MS; detection limit = 1.5 ng Cr/g dust). No significant difference was found between these methods in analysis of side-by-side samples when Cr levels were above the detection limit for the ICP-AES method. Samples with nondetectable levels of Cr were set to one-half the appropriate detection limit. Chromium in household dust was expressed as concentration in the dust (micrograms of Cr (12) . Descriptive characteristics of the study population. Figure 1 presents the age distribution of the population that had both urine Cr and household Cr dust measurements. Approximately 20% of the population was <10 years old. As characteristics of exposure to household dust were likely to be different in this age group compared to older residents, analysis of the relationship between Cr dust and urine Cr was stratified relative to this age cutoff to yield three population categories: total population, <10 years old, and >10 years old. Table 1 presents selected characteristics of the total study population and the population <10 years old.
Results
Chromium in household dust. Figures 2A-C . The "floor" of urine Cr values, which can be seen in these figures, results from the common assignment of the limit of detection to urine Cr levels below the analytical detection limit (note scale differences on the y-axis).
Multiple regression. Linear multiple regression analysis was undertaken to determine if other (nondust related) primary predictors of Cr urine concentration (i.e., dietary, environmental, and physiologic factors) were confounders of the observed bivariate relationships. The purpose of this analysis was not to Table 6  Table 5 presents the final models for the total populain past 2 tion, subjects <10 years old, and those >10 years old. After adjustment for other significant independent variables, the slopes of the relationship between logl0 Cr and Cr dust concentration (pGGCENT) for all three population groups were within a factor of 2.
The slope for subjects <10 years old, however, was nearly twice that for the other population groups. In the analysis of the total population, Cr The relationship between urine Cr and dust Cr concentration was also examined 
Discussion
The relationships of Cr dust concentration to urine Cr observed in the bivariate and multiple regression analyses support the hypothesis that elevated levels of Cr in household dust can result in identifiable internal exposures. The failure to observe such a relationship for the population not residing adjacent to known chromate production waste sites suggests that the observed relationship is associated with the waste sites. In conjunction with elevated Cr dust levels noted previously in homes adjacent to such sites (2,3), these observations suggest that the waste sites are the cause of the elevated Cr dust levels in the sampled residences. These observations further suggest that household exposure to Cr6+ originating from these sites may have occurred. If Cr in residential dust is a direct source of Cr exposure, we might expect that the relationship between Cr dust levels and Cr urine levels would be strongest for young children, who spend more time indoors than older children or adults and who commonly engage in hand-to-mouth contact. In the multiple regression analysis, the adjusted slope of the relationship of dust Cr concentration to log1o urine Cr concentration for children <10 years old was nearly double the adjusted slopes for subjects >10 years old and for the total population (Table 6 ). This relationship was significant for those <10 years old, but not significant in the model for those >10 years old. The multiple regression models predict that, adjusting for the influence of all other independent variables, an increase in the Cr dust concentration from the median to the 90th percentile would result in an increase of a factor of 3 in urine Cr concentration for the total population and an increase of a factor of 5 in urine Cr concentration for children <10 years old. Thus, the concentration of Cr in household dust appears to reflect the potential for direct exposure of children in their residences. In general, the strongest relationships between urine Cr and dust Cr were obtained with the log-transformed measure of urine Cr. This appears to be due to the tendency of spot urine sampling to generate extreme outliers of urine Cr by the inclusion of samples from a fraction of the population that is experiencing short-term extremes in urine diluteness. Log transformation reduces the influence of these extreme outliers in the regression analyses. Nonetheless, for subjects <10 years old, after the removal of two extreme outliers in the multiple regression analysis, the untransformed measure of urine Cr was significantly associated with Cr dust concentration, with a standardized slope comparable to that obtained with logtransformed urine Cr. For the total population and subjects >10 years old, containing a larger number of extreme outliers of urine (Table 4 ). In an earlier study (9) The population investigated in this analysis is a subset of the population investigated in the CMSP (10, 13) . The independent variables that were identified as significant predictors of urine Cr in that study are somewhat similar to those identified in the current analysis (13) . In particular, sex, weight, specific gravity, and creatinine were significant in both the CMSP and at least one of the models in the current analysis. In addition, several variables significant in the CMSP were borderline significant in one or more of the models in the current analysis, but were not included in the final models (sex, Cr-related hobby, vitamin use; see Table 5 ). The direction of the slopes for common variables was the same in the current analysis and in the CMSP. Intake of high Cr-containing supplements and beer drinking, however, were significant in the CMSP but not in the current study. Given that the population in the current analysis is a nonrandom subset of the CMSP population, some differences are to be expected.
The independent variables investigated in the current analysis were not confounders of the relationship between Cr dust concentration and urine Cr. It may be asked, however, whether any of the factors responsible for the unexplained variance in the regression models could be confounders of that relationship. The unexplained variance is likely due to several factors. These include 1) analytical and sampling errors; 2) incomplete and/or inaccurate adjustment of urine dilution by creatinine or specific gravity; 3) population variability in physiologic and genetic factors (other than that directly related to age, sex, and weight), which mediate the retention and elimination of Cr and which can result in different urine Cr levels from identical doses; 4) dietary sources of Cr exposure not investigated in these analyses; and 5) intraindividual temporal variability in spot urine Cr concentrations independent of average Cr body burden. The imperfect nature of creatinine correction has been documented (9, 14, 15) , and this condition is only partly improved by elimination of overly dilute samples (9) . Diet is an important source of Cr body burden (16) , but with the possible exception of beer (13, 17) , no food type appears to be a particularly important source of Cr (18, 19) . Intraindividual temporal variability in the rate of urinary Cr excretion has been raised as a possible practical difficulty in the application of spot urine sampling in determination of environmental Cr exposure (20, 21) . Unless one or more of the sources of unexplained variance in the dependent variable is significantly correlated with Cr dust concentration, failure to quantitatively address such sources will create unbiased scatter of data about the regression line. Such scatter will bias the result of hypothesis testing away from observing underlying true relationships between urine Cr and any of the identified independent variables (including Cr dust concentration). We find no suggestion that any of the likely sources of unexplained variance in these analyses (including intraindividual variability in spot urine sampling) is significantly correlated with Cr dust concentration. Thus, it is highly unlikely that any of these sources of unexplained variance could singularly, or in concert, bias the observation of the relationship of Cr dust concentration and urine Cr toward a spurious relationship.
Studies of residential lead exposure have also shown relationships in children between lead in house dust and blood lead concentration (a marker of internal lead exposure) (22) . Specific associations have also been made between lead in soilderived indoor dust and childrens' blood lead levels (23, 24) . The current findings extend such observations to chromium, which unlike lead, has few specific indoor sources contributing to its presence in house dust.
Summary and Conclusions
We examined the relationship between Cr in household dust and Cr in urine for residents located in homes adjacent to known chromate production waste sites. In multiple regression analyses considering other predictors of urine Cr, Cr dust concentration (but not Cr dust loading) was a statistically significant predictor of urine Cr across the entire age range of the residents. Chromium dust concentration was a stronger and highly significant predictor of urine Cr when only children <10 years old were considered, accounting for about 6% of the total variance in that model. Chromium dust concentration was not a significant predictor of urine Cr in the model for subjects >10 years old, although the model provides a suggestion of such a relationship. Additional sources of variance in urine Cr not explained in these models are unlikely to be confounders of the relationship between Cr dust concentration and urine Cr. Neither Cr dust concentration nor Cr dust loading were significant predictors of urine Cr for the population of residents in homes not adjacent to chromate production waste sites. These findings indicate that, particularly for children, Cr in household dust (a measure of external exposure) is associated with urine Cr (a measure of internal Cr exposure) in a continuous fashion. These findings also provide additional indication that the chromate production waste sites are a causative factor in this exposure.
